Electron microscopy revealed structures consisting of long fibers topped with knobs extending from the surfaces of virions of mammalian reoviruses. The morphology of these structures was reminiscent of the fiber protein of adenovirus. Fibers were also seen extending from the reovirus top component and intermediate subviral particles but not from cores, suggesting that the fibers consist of either the ,ulC or ol outer capsid protein. Amino acid sequence analysis predicts that the reovirus cell attachment protein al contains an extended fiber domain (R. Bassel-Duby, A. Jayasuriya, D. Chatterjee, N. Sonenberg, J. V. Maizell, Jr., and B. N. Fields, Nature [London] 315:421423, 1985). When al protein was released from viral particles with mild heat and subsequently obtained in isolation, it was found to have a morphology identical to that of the fiber structures seen extending from the viral particles. The identification of an extended form of fr1 has important implications for its function in cell attachment. Other evidence suggests that afl protein may occur in virions in both an extended and an unextended state.
The Si gene of mammalian reoviruses determines the pattern of reovirus spread (13, 33) and its tropism for particular target cells (22, 30, 38) in the host. The structural product of the Si gene, the ul protein, is the viral cell attachment protein responsible for binding reovirus to specific receptors on the surfaces of cells (7, 14, 21, 37) . Many of the biologic properties associated with the Si gene are thought to be determined by the interaction of the (X protein with receptors on target cells in the brain and other organs of the host, as well as with receptors on host immune cells (for a review, see reference 27) .
To gain insight into how the al protein mediates the binding of virus to receptors and determines cell tropism, our laboratory and others have recently sequenced the Si gene of the type 3 (T3) Dearing strain of reovirus (2, 6, 20) . The nucleotide sequence predicts a al protein that contains at least two distinct structural regions (2) . Heptad repeats of hydrophobic residues in an amino-terminal portion of the protein are consistent with this region occurring in the form of an extended coiled-coil a helix (24) . The carboxy-terminal portion of ai, in which amino acid sequence changes are found in neutralization-resistant mutants and which is therefore thought to contain the cell-receptor-binding domain (4), does not possess any such apparent feature as the regular heptad repeat and is expected to have a complex globular structure. On the basis of this analysis, the al protein may be predicted to have an identifiable morphology, that of a fiber topped with a knob.
In this study, we used the electron microscope to identify long fiber structures extending from the surfaces of virions of reovirus strains T3 Dearing, type 2 (T2) Jones, and type 1 (T1) Lang. We concentrated on characterizing the T2 Jones fiber because it is frequently observed. We observed that these fibers are present, extending from top component particles and intermediate subviral particles (ISVPs) but not from cores of strain T2 Jones. The fibers, as well as al protein, are lost from viral particles on mild heating. We isolated the ul protein released by heat from particles of T2 * Corresponding author.
Jones and found it to appear as a long fiber with a knob at one end. Lastly, we made observations that suggest that the cr protein can occur in virions in either an extended or an unextended state. These findings confirm predictions concerning the structure of the al protein and have important implications for the function of ul as the reovirus cell attachment protein.
MATERIALS AND METHODS
Cells and viruses. Stock cultures of mouse L cells were grown in suspension in Joklik modified minimal essential medium (Irvine Scientific, Santa Ana, Calif.) supplemented with 5% fetal bovine serum (HyClone Laboratories, Logan, Utah) and 2 mM glutamine (Irvine Scientific). Second-and third-passage L-cell lysate stocks of plaque-purified reovirus strains Ti Lang, T2 Jones, and T3 Dearing were used in these experiments.
Virus purification. L cells at a concentration of 1 x 107 to 2 x 107 cells per ml in Joklik modified minimal essential medium supplemented with 4% fetal bovine serum, 2 mM glutamine, and 1% penicillin-streptomycin solution (Irvine Scientific) were inoculated with viral cell lysate stocks to give a multiplicity of infection of 5 to 20 PFU per cell. Viral adsorption was continued for 2 h at 35°C with occasional agitation. Cells were then diluted to a concentration of 5 x 105 cells per ml with supplemented Joklik medium and maintained in Spinner cultures at 35°C. After 2.5 to 4 days, cells were harvested by centrifugation and suspended in homogenization buffer (10 mM Tris (pH 7.5), 250 mM NaCl). Routinely, a culture that had contained 2 x 108 cells before incubation was suspended in 10 ml of homogenization buffer at this step. Harvested cells were often stored at -700C before continuing. To obtain virus labeled with 35S, Tran35S label (ICN Radiochemicals, Irvine, Calif.) was added to the culture at 12 to 20 h postinfection at an activity of 5 to 12.5 [tCi/ml and the culture was otherwise treated as described. CsCl of approximately 1.36 g/cm3 (n = 2) and an average particle-to-PFU ratio of 135 ± 11 (n = 5), as determined by optical density measurements at 260 nm (by using the conversion factor of Smith et al. [29] to obtain an estimate of particle concentration) and a plaque assay on L-cell monolayers. The protein and genomic ds RNA profiles of these virions in a silver-stained SDS-polyacrylamide gel are shown (Fig. 1, lane 2) .
When negatively stained T2 Jones virions were examined by CTEM, an interesting feature was observed. Structures consisting of long fibers topped with knobs were frequently seen extending from the surfaces of the virion particles ( Fig.  2A to D and F to I, arrows). These structures (henceforward referred to as fibers) were observed by using either 2% ammonium molybdate or 0.5% uranyl acetate as stains but were best seen when particles were lightly stained with 0.5% uranyl formate. The numbers of fibers per particle ranged from zero to seven, and when several fibers were present on a single particle, they usually appeared to be regularly spaced around the capsid perimeter ( Fig. 2C and I (2) . The predicted amino acid sequence of the T2 Jones u1 protein is also available (6) . Like the T3 Dearing ul protein, the T2 Jones cl protein contains an extensive region of sequence in its amino-terminal half in which hydrophobic residues occupy regular positions in a series of heptapeptide repeats (Fig. 3) . As previously discussed in regard to the T3 Dearing ui protein (2), this repeat pattern has been observed in a number of fibrous proteins, such as myosin, and appears to contribute to the formation of coiled-coil a-helical multimers of these proteins. Regularly positioned pairs of acidic and basic residues (16, 17) , as well as skip sites at which a switch in the positions regularly occupied by hydrophobic residues occurs (16, 31) , are other features relevant to the formation of stable coiled coils that we found in the heptad repeat region of the T2 Jones al protein (Fig. 3) . We have also observed similar features in the predicted amino acid sequences of the Ti Lang crl protein (6) (Fig. 1,  lanes 1 and 2) .
When negatively stained top component was examined with the electron microscope, most particles were found to be penetrated with stain, as has been previously observed (29) (Fig. 2E and J) . This penetration by stain presumably reflects the absence of genomic ds RNA in the interior of these top component particles. Nonetheless, fiber structures indistinguishable from those seen on virions were observed extending from the penetrated particles ( Fig. 2E and J) . In the top component particles shown in Fig. 2 , the regular spacing of fibers around the capsid perimeter is especially evident. As many as six fibers were seen extending from a single top component particle. Since the top component preparations contained greatly reduced amounts of genomic ds RNA, this analysis suggests that the fiber structures consist of one or more of the viral structural proteins.
(ii) ISVPs and cores. Depending on the reaction conditions used, treatment of reovirus virions with proteolytic enzymes in vitro can result in the generation of two other distinct forms of subviral particles, ISVPs and cores (5, 11, 28) . These particle types each differ from virions by lacking certain of the viral structural proteins. Virions of reovirus T2 Jones were treated with chymotrypsin under the appropriate conditions, and ISVPs or cores were purified from their respective reaction mixtures by CsCl density gradient centrifugation. T2 Jones ISVPs were found to have a buoyant density in CsCl of approximately 1.38 g/cm3 (n = 1) and an average estimated particle-to-PFU ratio of 68 7 (n = 2). Similar to the ISVPs of strains T3 Dearing (11) and Ti Lang (32), T2 Jones ISVPs lacked cr3 protein and contained the 8 cleavage product of ,ulC (Fig. 1, lane 3) . T2 Jones ISVPs also contained an amount of al protein approximately equal to that in virions. Visual inspection of an SDS-polyacrylamide gel of a time course of T2 Jones digestion with chymotrypsin revealed no decrease in the intensity of the cr1 protein band even at the latest time analyzed (60 min) (data not shown), indicating that the T2 Jones cr1 protein was resistant to chymotrypsin digestion under the conditions used. Cores of strain T2 Jones were found to have a buoyant density in CsCl of approximately 1.43 g/cm3 (n = 1). The purified cores, like those of T3 Dearing (11) , lacked all three of the outer capsid proteins crl, cr3, and ,ulC (or 8) (Fig. 1,  lane 4) .
The CsCl-purified ISVPs and cores of reovirus T2 Jones were analyzed with the electron microscope. Negatively stained ISVPs were found to be distinguishable from virions since the capsomeric subunits making up the viral outer capsid were much more apparent in ISVPs (Fig. 4A and B) . Fiber structures like those seen on virions and top component particles were seen extending from the surfaces of the ISVPs (Fig. 4A and B (39) (Fig.  4C to E) . The finding that ISVPs but not cores contained extended fibers is consistent with the conclusion that the fibers are composed of one of the two outer capsid proteins present in ISVPs, the crl and ,lC proteins. Since ,lC is a major component of the reovirus outer capsid, the small number of fibers seen per particle makes it unlikely that they are made up of ,ulC.
Release of the al protein from virions and ISVPs of reovirus T2 Jones. In an attempt to show conclusively that the fibers consist of cr1 protein, we developed a technique for isolating the a1 protein from reovirus particles. Drayna and Fields (9) observed that heating virions of reovirus T2 Jones to 55°C resulted in the loss of cr1 protein from the particles. To confirm the heating conditions required to obtain loss of crl protein from reovirus T2 Jones, virions and ISVPs were heated to various temperatures between 37 and 60°C. The particles were subsequently pelleted in an ultracentrifuge, and their proteins were analyzed in SDS-polyacrylamide gels. The results suggested that the cr1 proteins of both virions and ISVPs were released from viral particles by mild heating (data not shown).
The crl protein released from ISVPs of reovirus T2 Jones was isolated for an analysis of its morphology with the electron microscope. T2 Jones ISVPs were heated to 52°C, and the viral particles were then pelleted in an ultracentrifuge. The decanted supernatant was passed through a Centricon-30 microconcentration unit (Amicon) so that a greater than 100-fold concentration of the retained material was obtained. When this retained material was examined in an SDS-polyacrylamide gel, it was found to contain a single protein having the electrophoretic mobility of the T2 Jones crl protein (Fig. 5, lanes 1 and 3) . The heated and pelleted ISVPs, conversely, were found to have lost crl (Fig. 5, of long fibers topped with knobs were observed in large numbers (Fig. 6) . The appearance of these structures was strikingly uniform and similar, if not identical, to that of the fibers seen extending from viral particles. These observations suggest that the fibers are released from viral particles with mild heat but otherwise maintain a large part of their native morphology. They also indicate that the fibers are made up of the a1 protein.
A study was done to compare the lengths of negatively stained fibers seen extending from T2 Jones ISVPs with those observed in the preparation of crl protein isolated after release from ISVPs at 52°C (Fig. 7) (Fig. 8 and 9 ) illustrate another interesting observation made during the course of these studies. The perimeters of T2 Jones virions were usually marked with shallow divots ( Fig. 8 ; also refer to Fig. 2) , making most of these particles appear faceted. These divots often appeared to be regularly spaced around the capsid perimeter. Many of the divots observed on T2 Jones virions were located at the base of an extended crl fiber ( Fig.  8 ; also refer to Fig. 2) ; however, divots without fibers were also seen. On the other hand, when a fiber could be traced down its stem to the capsid surface, a divot was usually found at its base. In the case of some T2 Jones virions, different regions of the particle perimeter appeared to have two distinct contours. Regions marked with divots often had fibers extending from them and had a faceted appearance, as described above. Other regions, however, lacked divots and had no associated fibers (Fig. 8) . As a consequence, these latter regions of the particle perimeter had a rounded rather than a faceted contour. T2 Jones virions exhibiting both types of surfaces were commonly seen.
Virions that appeared completely round and lacked extended cr1 fibers were sometimes observed in T2 Jones preparations but were seen much more frequently in purified preparations of other reovirus strains. T3 Dearing virions (Fig. 9) and Ti Lang virions (data not shown) were predominantly round and, as has already been stated, possessed extended fibers less frequently than T2 Jones did. A conventional electron micrograph of a T3 Dearing virion, as seen down its fivefold axis, is shown (Fig. 9A) . Its entirely circular perimeter contrasted with faceted T2 Jones particles viewed in the same orientation (Fig. 8A , particle in upper right corner of lower panel). In freeze-dried, unstained preparations of reovirus T3 Dearing examined at the Brookhaven National Laboratories by STEM (36), round virions without fibers (Fig. 9B) were often seen, as well as occasional faceted virions with extended fibers (Fig. 9C ). Using either CTEM or STEM, we found that the variation observed in the contour of the virion capsid perimeter was independent of the axis on which the particle was sitting on the microscope grid. In seen with ISVPs, which appeared to be uniformly round (Fig. 3) . The observation of a variation in the contour of the reovirus outer capsid correlating with the presence or absence of fibers suggested to us that the al protein can occur in reovirus virions in both an extended and an unextended state. It also seems that in purified virions of different reovirus strains, the distribution of crl protein between these two states may vary.
DISCUSSION
The discovery of the cl fiber extending from the surfaces of reovirus particles has important implications for ar1 function as the viral cell attachment protein (14, 37) . The terminal knob of or1 protein, which was seen to be projected as far as 40 nm away from the particle surface by the fiber domain, is likely to contain the receptor-binding site of the a1 protein (4) . Displaying attachment sites at a distance from a particle surface by way of extended protein structures seems to be a general strategy that allows viruses and microorganisms to interact efficiently with target-cell receptors (8) . The influenza virus hemagglutinin (40) is one well-characterized example of an animal virus cell attachment protein in which this strategy has been applied. The tail fibers of T-even bacteriophages (19) and bacterial adhesion pili (15) attachment protein with an especially striking morphologic resemblance to the extended reovirus al protein is the fiber protein of adenovirus (35) . This similarity raises possibilities for other simnilarities in structure, assembly, and mechanisms of uptake and infection between these two nonenveloped viruses. The possibility of structures analogous to the crl fiber in other members of the family Reoviridae (12, 12a ) is certainly also raised.
A prediction for the structural motif used to build the fibrous domain of crl protein has been presented previously (2) . This model includes a fiber constructed from a region of primary sequence in the amino-terminal third of crl that shows strong sequence homology to myosin and contains a pattern of regular heptapeptide repeats of hydrophobic residues capable of forming an a-helical coiled coil (Fig. 3) terminal to the region of regular heptapeptide repeats forms part of the fibrous domain. An accurate description of the regions of the url protein sequence that make up the fiber and their structural organization requires other biochemical and ultrastructural studies. A correlate of the coiled-coil model for cr1 structure is that the cr1 protein normally occurs in multimeric complexes. This possibility is supported by biochemical data; however, these data currently conflict on whether the a1 protein exists as a dimer (14, 41) or tetramer (3) in viral particles. The morphologic uniformity of the a1 fibers isolated after heat release in this study and the consistency of these fibers with those seen extending from viral particles suggest that a large portion of the al protein complex maintains its native conformation under our isolation conditions. Thus, we expect that the cr1 protein released from viral particles by mild heat will be useful in confirming the order of the crl multimer and in studying other aspects of crl protein structure and function.
Other observations described in this study raise the interesting possibility that the cr1 protein occurs in viral particles in two distinct states: extended and unextended. This suggestion is based in part on a variation in the frequency with which crl fibers were seen extending from the virions of different reovirus strains. It is otherwise based on a variation observed in the contour of the capsid perimeters of different virion particles and a correlation of the contour type with the ... . (23) have described two forms of reovirus particles, i.e., circular and angular, but have attributed the variation to the axial projection of the capsid during electron microscopy. Numerous published micrographs reveal reovirus particles with two distinct contours (e.g., see reference 1). Our interpretation of all these observations is that, rather than being a consequence of axial projection, a divot in the virion surface represents a space revealed where a cil fiber has been extended. Because of these divots, some virions appear faceted. When the crl fibers of a virion remain mostly unextended, that particle appears round. Protruding fibers were not previously described in association with either round or angular reovirus particles; however, it is possible that fibers were present in the angular particles but not recognized. Consistent with this suggestion is our finding that the visualization of crl fibers is sensitive to the thickness of the stain and support film used in electron microscopy.
An interesting question suggested by the occurrence of an unextended state of crl protein is what form the unextended oil protein complex assumes within the virion particle. It has been postulated that the fibrous domain of cii sticks down into the X2 protein spikes at the vertices of the virion icosahedron (2) . The regular spacing of extended al fibers observed around perimeters of particles is consistent with the vertex location of crl (10); however, the current findings also show that a large portion of the fibrous domain and the globular head region of the al protein are not always buried in the X2 spike but can extend free of the particle surface. We are currently attempting to determine whether local dissociation of the crl multimer or sliding of the crl fibrous domain within the A2 core spike plays a role in the packaging of al in virions and the extension of the crl fiber. The observed maximum length of 36 to 40 nm for ISVP-attached fibers, in comparison with the average length of 41.4 nm for released fibers, probably indicates that some minimum length of the extended crl is always buried in the viral capsid and serves to keep the protein attached to its viral particle. This implies a particle-proximal virus attachment site in the extended crl protein that is distinct from the previously discussed distal cell attachment site.
In summary, we obtained electron micrographs of the reovirus cell attachment protein crl and observed the crl protein complex extending from the surfaces of viral particles. Our observations may suggest a linearly oriented model of crl protein structure that includes an amino-terminal virus attachment site, a long fiber domain constructed from sequences in the amino-terminal two-thirds of the oil sequence, and a carboxy-terminal cell attachment domain that sits as a knob at the end of the cil fiber 
